Manganese oxide-coated sand (MOCS) and manganese oxidecoated crushed brick (MOCB) were characterized and employed for the removal of Pb(II) ions from aqueous solution. Scanning electron microscopy (SEM), FT-IR, X-ray diffraction (XRD) methods and BET analyses were used to study the surface properties of the adsorbents. Adsorption of Pb(II) ions from aqueous solutions was investigated by batch experiments. The estimated optimum pH for Pb(II) ion retention by the considered adsorbents was 5.
INTRODUCTION
Lead, which is one of the priority toxic pollutants, can reach the environment from various anthropogenic sources as well as via natural geochemical processes. It can accumulate along the food chain and is not amenable to biological degradation (O'Neill 1993; Harrison 1996) . It is accumulated in the human system via a number of processes such as breathing air from an industrial environment (lead smelting, refining and manufacturing industries), ingesting plants or food grown on contaminated soils, and breathing in fumes from hobbies that use lead (leaded-glass, ceramics).
The health hazards resulting from the presence of lead in domestic and industrial wastewaters have been of extreme concern to the public, government and industries for about the past two decades (Ho et al. 2001) . The deleterious effects of lead on neurobehavioural development (Dietrich et al. 1990 ) and brain cell function (Goldstein 1990 ) have been investigated. The main industrial sources for lead include metal finishing, mining and mineral processes, and oil-refining industries (Patterson 1985) , as well as motor vehicles using leaded petrol.
Several methods, such as ion exchange, chemical precipitation, oxidation, reduction, adsorption and reverse osmosis, exist for treating metal-ion contaminated effluents (Groffman et al. 1992; Agelidis et al. 1989; Netzer and Hughes 1984; Fan et al. 2005) . However, many of these approaches are either not cost-effective or difficult to implement. In particular, the main disadvantage of adsorption methods is the high price of conventional adsorbents, which increases the price of wastewater treatment. Eco-friendly natural materials, which are less expensive with a high affinity toward toxic metals which are available from local sources, are now being investigated.
Recent studies have shown that some filtration materials such as sand and burned clay coated with the oxides (oxyhydroxides) of iron, aluminium or manganese act as good and inexpensive adsorbents for both cations and anions (Arias et al. 2006; Hana et al. 2006; Boujelben et al. 2008) . Investigations of these coated adsorbents were based on the fact that their ability to eliminate iron and manganese ions from water showed a considerable improvement over the replacement of old sand filters (which become coated during long-term use) by new ones (Lenoble et al. 2002; Walter et al. 2003) .
The development of meaningful basic data for manganese oxide-coated sand requires an understanding of the structures of the solid phases and the associated adsorption process, which is a key factor influencing the residence time, applicability and effects of heavy metal ions in aquatic systems (Yu et al. 2000) . In addition to the well-established effects of interface chemistry (e.g., specific surface area, pore-size distribution, metal speciation), the adsorption of Pb(II) ions is expected to be governed by the composition of the solid phase, particularly its manganese oxide content.
The effects of various factors such as pH, ionic strength and the nature of ligands influencing Pb(II) ion adsorption have been studied using both pure minerals such as goethite (Eick et al. 1999; Spark et al. 1995) and natural media such as silicate clay minerals (Griffin and Au 1977; Yong et al. 1990; Siantar and Fripiat 1995; Adebowale et al. 2005; Lothenbach et al. 1998) and soils (Naidu et al. 1994; Hooda and Alloway 1994) .
Metal ion adsorption depends on pH because of the resulting changes in metal ion species in aqueous solution and the surface charges on the adsorbing media. Mineral surfaces become more negatively charged with increasing pH and surface groups that have lost protons may be able to adsorb cations more readily from solutions.
Generally, studies related to the effects of ionic strength on Pb(II) ion adsorption have been largely limited to pure mineral systems. In such systems, the decrease in Pb(II) ion adsorption with increasing ionic strength was attributed to competition for the available adsorption sites between Pb(II) ions and other cations present in the background electrolyte solution (Gray and Malati 1979; Balistrieri and Murray 1982; Namasivayam 1994) . Lead(II) ions may form outer-sphere complexes on sorbent surfaces (Fan et al. 2005) .
In the present study, the characteristics of two prepared coated adsorbents, viz. manganese oxide-coated sand and manganese oxide-coated crushed brick, have been investigated. Thermodynamic and kinetic studies of Pb(II) ion adsorption onto these materials were also undertaken. The main objectives of this investigation were to examine quantitatively the effect of contact time, pH and concentration on the removal of Pb(II) ions from aqueous solutions, as well as to check in detail the kinetics of the Pb(II) ion-removal process.
According to our literature survey, manganese oxide-coated crushed brick has never been used previously as an adsorbent.
MATERIALS AND METHODS

Sample preparation
Sand and crushed brick consist of grains with an average diameter of 0.6-0.7 and 0.9-1.2 mm, respectively. The corresponding specific gravities were 2.50 g/cm 3 for sand and 2.39 g/cm 3 for crushed brick.
The manganese oxide-coated adsorbents (MOCS -sand and MOCB -crushed brick) were prepared by impregnation according to the procedure proposed by Bajpai and Chaudhuri (1999) . Before MnO 2 impregnation, the adsorbents were subjected to an acidic purification procedure (acid wash with 1 M HCl) (Lo et al. 1997) to remove impurities which could affect the adsorption results. Application of the MnO 2 coating to the two adsorbents was effected via the reaction of KMnO 4 with hot MnCl 2 solution (48-50 ºC) under alkaline conditions (pH 9) over a period of 48 h. This procedure led to the production of an uniform black coating.
Chemicals
Aqueous solutions containing Pb(II) ions at various concentrations were prepared from lead nitrate salt [Pb(NO 3 ) 2 ]. The initial pH values of the solutions were adjusted by adding either nitric acid or sodium hydroxide solution.
All chemicals used for the pre-treatment of the adsorbents, as well as for the adsorption tests, were of analytical grade (HCl, MnCl 2 , KMnO 4 , NaOH, HNO 3 ). All solutions were prepared using de-ionized water (Milli-Q).
Measurements of pH were carried out using a calibrated pH meter (model pH 540 GLP) equipped with a combined glass electrode (SENTIX 41).
Sorbent characterization
The mineralogy of the manganese oxide coating was characterized using an X-ray diffractometer (Siemens, Germany) with Cu Kα radiation (λ = 0.154 nm). Scans were conducted over the range 0-60º at a rate of 2 o /min. The specific surface area (m 2 /g) of each adsorbent before and after coating was determined by the single-point BET (N 2 ) adsorption procedure.
The pH of the point of zero charge (pH pzc ) was determined by adding a known amount of adsorbent (0.1 g) to a series of bottles that contained 50 mᐉ of de-ionized water. Before adding the adsorbent, the pH of each solution was adjusted so that it was in the range 1.0-9.0 by the addition of either 0.1 M HNO 3 or 0.1 M NaOH solutions. The bottles were then rotated for 1 h in a shaker and the pH values of the contents measured at the end of the test. The pH values of the suspensions were plotted as a function of the initial pH of the solutions, the resulting curve theoretically crossing the bisector of the axes at the point of zero charge . The corresponding pH pzc values of 4.5 and 4.3 were obtained for MOCS and MOCB, respectively.
The morphology of the adsorbents before and after coating was obtained using a Philips XL 30 scanning electron microscope (SEM). Elemental spectra were obtained using energy-dispersive X-ray spectroscopy during the SEM observations.
Adsorption experiments: effects of Pb(II) ion concentration and pH on the adsorption process
To obtain a better understanding of the adsorption properties of the manganese oxide-coated adsorbents towards Pb(II) ions, the two prepared materials were first used in batch experiments to check the effect of the initial Pb(II) ion concentration on the adsorption kinetics and the influence of the initial pH on the Pb(II) ion uptake. For the kinetic studies, each test was conducted with 5 g of manganese oxide-coated sorbent and 250 mᐉ of a Pb(II) ion solution of known initial concentration. The initial pH was adjusted to 5 with dilute HNO 3 or NaOH solution. The resulting suspension was shaken continuously for 4 h at the desired temperature (10, 20 and 40 ºC) using a thermostatically-controlled shaking water bath. During the experiment, samples were taken at various time intervals and were immediately vacuum-filtered through a 0.45-µm membrane filter. The residual Pb(II) ion concentration in each filtrate was determined by atomic absorption spectrophotometry (Hitachi Z-6100). Analytical errors were estimated as being ca. 5%. All experiments were duplicated to ensure the veracity of the experimental results.
To determine the influence of pH on Pb(II) ion adsorption, experiments were performed at various initial pH values within the range 2-7 with the initial Pb(II) ion concentration being maintained at 0.14 mmol/ᐉ. For each test, 1 g of sorbent was added to 25 mᐉ of Pb(II) ion solution, with the suspensions being shaken for 10 h at 20 ± 1 ºC.
Adsorption isotherms
Isotherm determination
Adsorption isotherms for Pb(II) onto the adsorbents studied were determined at 10 o C, 20 o C and 40 ºC, respectively. At each temperature, 5 g of sorbent were contacted for 10 h with 250 mᐉ of Pb(II) ion solution of different initial concentration (concentration range 0.14-0.53 mmol/l). The adsorption equilibrium data for Pb(II) ions onto the two adsorbents studied (MOCS and MOCB) were analyzed in terms of the Langmuir and Freundlich isotherm models. The linear forms of the Langmuir and Freundlich isotherms (Seader and Herley 1998 ) may be expressed, respectively, by the following equations:
where q 0 (mmol/g) and b (ᐉ/mmol) are the Langmuir isotherm constants, and K F and n are the Freundlich isotherm constants. The value of q 0 is a measure of the adsorption capacity of the sorbent [maximum amount of Pb(II) ions adsorbed at the temperature under consideration).
Thermodynamic adsorption parameters
In order to explain the effect of temperature on the adsorption parameters, the standard Gibbs' free energy (∆G 0 ), the standard enthalpy (∆H 0 ) and the standard entropy (∆S 0 ) were determined. The adsorption of metal ions is a reversible process corresponding to a heterogeneous equilibrium. The Gibbs' free energy (∆G 0 ) for the Pb(II) ion adsorption process at different temperatures was determined from the following relationship (Aksu 2002; Namasivayam and Ranganathan 1993):
where R is the gas constant, K L is the equilibrium constant obtained from the Langmuir equation and T is the absolute temperature (K). Other thermodynamic parameters, viz. the enthalpy change (∆H 0 ) and the entropy change (∆S 0 ) were evaluated from van't Hoff's equation:
The values of ∆H 0 and ∆S 0 were calculated from the slope and intercept of the van't Hoff plot of log K L versus 1/T. The Gibbs' free energy:
indicates the degree of spontaneity of the adsorption process, with a higher negative value reflecting a more energetically-favourable adsorption process.
Kinetic parameters of adsorption
Adsorption kinetic models are important in water-treatment process design. In order to analyze the Pb(II) ion adsorption kinetics onto MOCS and MOCB, three kinetic models including the pseudofirst-order equation (Panday et al. 1985) , the pseudo-second-order equation (Selvaraj et al. 2004) and the intraparticle diffusion model (Chiron et al. 2003) were applied to the experimental data obtained for the time-dependent Pb(II) ion adsorption.
The pseudo-first-order kinetic model is given by the equation:
Similarly, the pseudo-second-order kinetic model may be written as: (7) while the intraparticle diffusion model may be written as:
In these equations, q e and q t are the amounts of solute adsorbed per unit mass of adsorbent (mmol/g) at equilibrium and at any given time t, respectively, k 1 is the pseudo-first-order rate constant for the adsorption process (min -1 ), k 2 is the rate constant for the pseudo-second-order adsorption process [g/(mmol min)], k 2 q e 2 = h is the initial adsorption rate for the pseudo-secondorder adsorption process [mmol/(g min)], k t is the intraparticle diffusion rate constant [mmol/(g min)] and C is a constant. Linear plots of log(q e -q t ) versus t, t/q t versus t and q t versus t 1/2 suggest the applicability of the kinetic models to the system under consideration. The kinetic parameters can be determined from the slopes and intercepts of these plots.
Determination of the activation energy
The activation energy for Pb(II) ion adsorption was calculated via the Arrhenius equation (Namasivayam and Ranganathan 1993):
where k is the rate constant, k 0 [g/(mmol min)] is a temperature-independent factor, E a (J/mol) is the activation energy of the adsorption process, R is the gas constant [8.314 J/(mol K)] and T is the adsorption temperature (K). The linear form of equation (9) is:
When ln k is plotted versus 1/T, a straight line of slope -E a /R is obtained. In our case, the rate constant under consideration was k 2 , i.e. relating to the pseudo-second-order model.
RESULTS AND DISCUSSION
Sorbent characterization
SEM micrographs and EDAX spectra
Scanning electron microscopy (SEM) was employed to study the morphology of the uncoated and the manganese oxide-coated sand (MOCS) and manganese oxide-coated crushed brick (MOCB). SEM images of acid-washed uncoated sand (US) and uncoated crushed brick (UB) [Figures 1(a) and (c)] showed ordered silica crystals at the US surface and a regular aluminosilicate structure for UB. These two virgin materials had relatively uniform and smooth surfaces. Small cracks and a light roughness could also be found on their surfaces. In turn, the corresponding manganese oxide-coated surfaces [MOCS - Figure 1 by manganese oxides which were newly formed during the coating process. Figures 1(b) and (d) also show that the manganese oxide formed in clusters, apparently on occupied surfaces. On the micron scale, the manganese oxide deposits on each sorbent surface were composed of small particles deposited on top of a more consolidated coating. The amount of manganese on the surface of the MOCS and MOCB samples, as measured via acid digestion analysis, was ca.1.5 mg Mn(II)/g sand and 2 mg Mn(II)/g crushed brick. It is noteworthy that the quantity of manganese oxide deposit obtained in this work for the two adsorbents was higher than that generally mentioned in the literature, viz. ca. 0.003-0.5 mg Mn(II)/g sand (Chang et al. 2007; Hu et al. 2004 ). This reflects the effectiveness of the coating process used in the present study. Elemental analysis of the manganese oxide coatings was undertaken by energy-dispersive X-ray spectroscopy (EDAX) at the same time as SEM observations were made. It should be noted that the coated adsorbents were dark in colour, indicating the presence of manganese in the form of insoluble oxides. On the other hand, X-ray diffraction (XRD) patterns of the two coated adsorbents (data not shown) revealed that the manganese oxides were amorphous, since no diffraction peak corresponding to any specific crystalline phase was detected in the spectra.
The peak heights in the EDAX spectra are proportional to the concentration of the metallic element concerned [Figures 2(a) and (b)]. The EDAX spectrum of MOCS [ Figure 2 (a)] indicates that Mn, O and Si were the main constituents, which was not unexpected. EDAX analysis also yielded indirect evidence for the presence of a manganese oxide coating on the surface of MOCS. The intense peak for Si occurring in the EDAX spectrum indicated either that the manganese oxides did not completely cover the surface of the MOCS or that the coating was too thin, thereby allowing the X-rays to reach the sand support. The EDAX spectrum of MOCB is illustrated in Figure 2 (b). It shows that Mn, O, Si, Al, Ca and K were the dominant constituents in this case. The presence of the Mn peak indicates the effectiveness of the coating procedure adopted. 
Specific surface area
Results showed that the specific surface areas of the two adsorbents increased after coating. Uncoated sand and crushed brick had a surface area of 1.36 m 2 /g and 1.86 m 2 /g, respectively.
Surface coating with manganese oxide increased the surface area of the adsorbents to 3.81 m 2 /g and 4.64 m 2 /g, respectively. This may be caused by the increase of both the inner and surface porosities after adding the manganese oxide. After reacting with Pb 2+ ions, the results indicated that the surface area values of MOCS and MOCB decreased, varying from 3.81 m 2 /g to 3.13 m 2 /g and from 4.64 m 2 /g to 3.97 m 2 /g, respectively. Figure 3 shows the percentage removal of Pb(II) ions from aqueous solution at 20 ºC by both MOCS and MOCB as a function of time and initial Pb(II) ion concentration. It can be noted from the figure that, in both cases, there was an initial rapid adsorption of Pb(II) ions but thereafter the adsorption proceeded at a slower rate to finally tend towards equilibrium. The high initial adsorption rate may be due to the great number of vacant adsorption sites available on the adsorbent surface at the initial stage of the adsorption process. The number of these vacant sites decreases with increasing contact time because of the accumulation of Pb(II) ions on the surface. During the later stages of the adsorption process, when the Pb(II) ion uptake tended towards equilibrium, the percentage removal of Pb(II) ions decreased with increasing initial Pb(II) ion concentration for both MOCS and MOCB adsorbents.
Batch adsorption experiments
Effect of initial Pb(II) ion concentration on the kinetics
It should be noted that the same shape of curve was obtained at 10 o C and 40 ºC. 
Effect of initial pH value
It is well known that pH is an important variable in a given adsorption process, since the charge on both the adsorbate and the adsorbent often depends on the solution pH. The surface charge on a manganese oxide surface varies with the solution pH due to the exchange of H + ions. The surface groups on manganese oxide are amphoteric and can act as either an acid or a base (Davies and Morgan 1989). Consequently, the oxide surface can undergo protonation and deprotonation in response to changes in the solution pH. As shown in Figure 4 , the adsorption of Pb(II) ions onto both adsorbents was markedly dependent on the pH value. When the initial solution pH increased from 2 to 7, the removal of Pb(II) ions first increased and then decreased. The maximum of extent of adsorption was observed at a pH value of ca. 5. At low pH, Pb(II) ion removal was possibly inhibited as a result of competition between H + ions and metal ions for the available adsorption sites, with an apparent preponderance toward H + ion uptake. However, as the pH increased, the negative charge density on the surface of each adsorbent increased due to deprotonation of the binding sites and thus the adsorption of Pb(II) ions increased. This increase in adsorption with decreasing H + ion concentration (relatively high pH values) indicates that ion exchange is one of the major adsorption processes (Krishnan et al. 2003) .
The effect of pH can also be explained in terms of the pH pzc value of the adsorbent, since at pH pzc the number of positive and negative groups on the surface will be equal and thus the total surface charge is zero. The pH pzc values of MOCS and MOCB were 4.5 and 4.3, respectively. The surface charge on the adsorbent was positive when the solution pH was below the pH pzc value, while it was negative at a pH above the pH pzc value; thus below the respective pH values of 4.3 and 4.5, the surface charge on the two adsorbents considered (MOCS and MOCB) was also positive and hence the uptake of Pb(II) ions was low. When the solution pH was increased above 4.3 and 4.5, respectively, the surfaces of MOCS and MOCB were negatively charged. Adsorption would increase provided the Pb(II) species involved were either positively charged or neutral. Furthermore, cation adsorption would be favoured at pH values higher than pH pzc and anion adsorption at pH values lower than pH pzc .
As far as the overall adsorption process is concerned, it should be noted that a sufficient increase in the pH of the aqueous solution would lead to hydrolysis of the Pb(II) ion species at a pH value determined by the corresponding equilibrium constant. Thus, at higher pH values (pH > 5), the Pb(II) species in aqueous solution is partially converted into different hydrolysis products, viz. Pb(OH) + and/or Pb(OH) 2 (aq) (Charlot 1974), which are either retained to a lesser extent or not at all by the adsorbent. This is probably the reason for the decrease in Pb(II) ion adsorption observed at pH values above 5. Furthermore, above a pH value of 7, insoluble lead hydroxide starts precipitating from the solution, thereby making true adsorption studies impossible. At this pH value, both adsorption and precipitation contributes to the removal of Pb(II) ions from aqueous solution. Consequently, no adsorption experiments were undertaken at pH values above 7. Figure 5 shows the relationship obtained at 20 ºC between the amount of Pb(II) ions adsorbed at equilibrium per unit mass of adsorbent (q e , mg/g) and the corresponding equilibrium Pb(II) ion concentration in the solution (C e , mg/ᐉ). The same isotherm shape was obtained at the other temperatures considered (10 o C and 40 ºC). Applying the linear forms of the Langmuir and Freundlich isotherms to the data obtained at the three temperatures studied, it was possible to calculate the corresponding constants whose values are listed in Table 1 . It will be seen from the data recorded that the Langmuir and Freundlich equations provided a good description of the adsorption process for each adsorbent. Nevertheless, the R 2 values were higher for the Langmuir isotherm than for the Freundlich isotherm. This may be due to the homogeneous distribution of active sites on the MOCS and MOCB surfaces.
Effect of temperature
Determination of kinetic parameters
To predict the kinetics of the adsorption of Pb(II) ions onto the two adsorbents, the pseudo-firstorder and pseudo-second-order kinetic equations as well as the intraparticle diffusion model were applied to the time-dependent experimental data. Figures 6-8 show the plots of the linear forms of the three models for the various initial Pb(II) ion concentrations considered. The kinetic parameters and correlation coefficients corresponding to the three models were calculated from these plots and are listed in Table 2 . It will be seen from the data given in this table that the R 2 values for the pseudo-second-order kinetic model were extremely high (> 0.998), with these values diminishing for the intraparticle diffusion equation and finally for the pseudo-first-order equation (Table 2) . Moreover, when compared with the experimental data, the values of the Pb(II) ion uptakes at equilibrium (q e ) deduced from the pseudo-second-order correlation were much more reasonable than those from the pseudo-first-order model. This suggests that the adsorption process proceeded via a pseudo-second-order rather than a pseudo-first-order kinetic model.
For the pseudo-second-order model, the rate constant, k 2 , and the initial adsorption rate, h, decreased with increasing initial Pb(II) ion concentration (Table 2 ). This suggests that the ratelimiting step may involve chemisorption (Aksu 2000) . The values of the rate constant k 2 arising from the pseudo-second-order model can be used to calculate the activation energy of the adsorption process, E a , by plotting ln k 2 versus 1/T and determining E a from the slope of the resulting Arrhenius plot (Figure 9 ) in accordance with equation (10) (see Section 2.7 above). The corresponding values were found to be 8.016 kJ/mol and 12.62 kJ/mol for Pb(II) ion adsorption onto MOCS and MOCB, respectively, thereby demonstrating that adsorption onto MOCS and MOCB occurred via a chemical activation process (Aksu 2002) . 186 N. Boujelben et al./Adsorption Science & Technology Vol. 27 
Thermodynamic adsorption parameters
Thermodynamic parameters, viz. the standard Gibbs' free energy of adsorption (∆G 0 ), the standard enthalpy change (∆H 0 ) and the standard entropy change (∆S 0 ) were evaluated via equations (3) and (4) (see Section 2.5.2 above) using the data obtained at the temperatures employed (10, 20 and 40 ºC, respectively). The values of ∆G 0 were calculated using the Langmuir isotherm constant, b [see equation (1)]. The values of ∆H 0 and ∆S 0 were obtained from the slope and intercept of the plot of ln b versus 1/T ( Figure 10) . The calculated parameters for the two adsorbents are listed in Table 3 . The negative values of ∆G 0 indicate the spontaneous nature of Pb(II) ion adsorption by the two adsorbents studied. The positive values of ∆H 0 show that the adsorption process was endothermic in nature, while the positive values of ∆S 0 show the increasing randomness at solid/liquid interface during the adsorption process.
CONCLUSIONS
Two adsorbents, viz. manganese oxide-coated sand (MOCS) and manganese oxide-coated crushed brick (MOCB), were prepared and characterized with regard to their morphologies, mineralogies and specific surface areas. The results showed that the deposited oxides were essentially amorphous and corresponded to 1.5 mg Mn(II)/g sand and 2 mg Mn(II)/g crushed brick. In addition, surface coating with manganese oxides considerably increased the surface area of the two adsorbents. The adsorption of Pb(II) ions onto MOCS and MOCB was studied taking account of the effect of the initial pH and Pb(II) ion concentration on the removal of Pb(II) ions as well as the thermodynamic and kinetic aspects of the adsorption process. The adsorption isotherm data were correlated using the Langmuir and Freundlich equations. The main conclusions that could be drawn from the results obtained are as follows.
• Maximum adsorption for the Pb(II) ion occurred at a pH value of ca. 5. • Over the temperature range 10-40 ºC, the adsorption capacity increased from 0.027 mmol/g to 0.030 mmol/g for coated sand and from 0.029 mmol/g to 0.031 mmol/g for coated brick. • The adsorption of Pb(II) ions onto the two adsorbents studied followed pseudo-second-order reaction kinetics. • Values of the activation energy for MOCS and MOCB, obtained from Arrhenius plots, suggested that the rate-limiting step in the uptake of Pb(II) ions could be chemisorption. • Thermodynamic results demonstrated the spontaneous nature (∆G 0 < 0) and the endothermic nature (∆H 0 > 0) of the Pb(II) ion adsorption process.
The results obtained in the present study suggest that manganese oxide-coated adsorbents are potentially suitable for removing Pb(II) ions from aqueous solution.
